Analysis of short tandem repeats (STR) by PCR analysis is routinely used in chimerism diagnostics to monitor donor engraftment and to diagnose relapse. Some applications require chimerism analysis of low cell numbers, but no standardized protocol is available for DNA isolation from 1000 to 30 000 cells. The EU-supported EuroChimerism Consortium (project QLRT-2001-01485) selected four different protocols for 'small-scale' DNA isolation, which were tested by six laboratories for their ability to recover reproducible amounts of good quality DNA, suited for PCR-based STR analysis. The protocols included two direct lysis methods with and without detergents and proteinase K, and two commercial column-based kits. The direct lysis method using detergents and proteinase K showed the highest DNA recovery and the best performance in the multiplex PowerPlex16 STR assay. DNA isolated with this method also showed the highest sensitivity in chimerism analysis using singleplex PCR reactions of EuroChimerism STR markers. Sensitivity was reached ranging from 1 to 20% of recipient cells in a donor background. In conclusion, the direct lysis method using detergents and proteinase K is a standardized DNA isolation method well suited for chimerism studies on low cell numbers.
Introduction
Stem cell transplantation is the treatment of choice for several subgroups of hematological disorders and for some primary immunodeficiencies. 1, 2 To monitor donor engraftment or relapse, the chimeric status of leukocytes after stem cell transplantation can be analyzed. [3] [4] [5] [6] [7] [8] Several techniques have been used for this purpose, including cytogenetic analyses 9 and analysis of restriction fragment length polymorphisms. 10 PCR analysis of short tandem repeats (STR), however, is now routinely used, because it is a quantitative, reliable and rapid screening method requiring only small amounts of DNA. 3, 5, 6, [11] [12] [13] In some situations, it is necessary to isolate specific leukocyte sub-populations for chimerism analysis. 14, 15 Depending on the clinical situation of the patient, the number of isolated cells can be very low. Collection of larger patient samples may enlarge the number of sorted leukocyte sub-populations, 16 but for routine diagnostics, handling of large volumes is not suitable, especially in the treatment of children. Commercial kits are available for isolation of good quality DNA from high numbers of cells (4500 000 cells), 17 but no standardized protocols have been developed for DNA isolation from low cell numbers (o50 000 cells).
The objective of this study was to establish a standardized DNA isolation protocol for genetic profiling of low cell numbers by PCR analysis of STR, such as in case of chimerism diagnostics after stem cell transplantation. In Work Package 3 of the EU-supported EuroChimerism project (QLRT-2001-01485), four different DNA isolation techniques were selected and tested for their ability to recover reproducible amounts of good quality DNA from low cell numbers. Subsequently, the sensitivity of the best-performing DNA isolation protocol was determined. The isolated DNA was tested in PowerPlex16 mulitplex and singleplex PCR assays, as well as in PCR assays using the primer sets of the EuroChimerism Consortium (Lion et al., manuscript submitted).
Materials and methods

Preparation of cell samples
For testing the four DNA protocols, DNA was isolated from different cell numbers (that is, 1000, 3000, 10 000, 30 000) of post-Ficoll mononuclear cells from 16 different donors by six laboratories. To obtain the appropriate cell numbers, the mononuclear cells were brought to a concentration of 10 Â 10 6 mononuclear cells per ml of phosphate-buffered saline, subsequently diluted 20-fold to 0.5 Â 10 6 cells/ml. From this suspension, 2, 6, 20 and 60 ml were used.
For the donor-recipient dilution series (n ¼ 5), 4 ml of 1 Â 10 5 post-Ficoll mononuclear cells/ml from the donor and 400 ml of 1 Â 10 5 cells/ml from the recipient were used to prepare four donor/recipient 'master dilutions' of 1 ml in the ratios of 80:20, 90:10, 97:3 and 99:1. From each master dilution, 10, 30 and 100 ml were taken to obtain three dilution series containing 1000, 3000 and 10 000 cells, respectively.
DNA isolation protocol A: direct lysis without proteinase K Cells were spun down in a microcentrifuge tube and the pellet was resuspended in 20 ml of phosphate-buffered saline and covered with 20 ml PCR-grade oil (only needed when heat block or PCR machine had no heated cover). The cell suspension was incubated for 15 min at 95 1C in a heat block or PCR machine.
DNA isolation protocol B: direct lysis with detergent and proteinase K Cells were spun down in a microcentrifuge tube and the pellet was resuspended in 20 ml lysis buffer (10 mM Tris-HCl (pH 7.6), 50 mM NaCl, 6.25 mM MgCl 2 , 0.045% NP40, 0.45% Tween-20). A total volume of 1 ml proteinase K (20 mg/ml) was added followed by incubation for 1 h at 56 1C and inactivation by incubation at 95 1C for 15 min. 18 DNA isolation protocols C and D: QIAmp DNA micro kit and QIAmp DNA blood mini kit DNA was isolated according to manufacturer's instruction (QIAgen, Hilden, Germany). DNA was eluted from the column with 20 ml elution buffer.
RQ-PCR analysis for quantification of isolated DNA and percentage recovery
RQ-PCR analysis of the albumin gene (ALB) was used for assessment of the quantity and quality of the DNA. 19 The ALB RQ-PCR was performed in duplicate in 25 ml reaction volumes, using 2 ml of the final DNA isolation volume per reaction. For each DNA isolation protocol, a separate standard curve was made using 2 ml samples of the centrally provided control DNA, diluted in the same buffer as used for the different DNA isolation methods.
PCR analysis of STR loci
The four different DNA isolation methods were evaluated by genetic profiling using the multiplex PCR analysis of STR loci with the PowerPlex16 system (Promega, Madison, WI, USA). The DNA input was 2 ml in a 10 ml PCR reaction. The guidelines for cycle conditions were followed according the manufacturer's instructions. For the sensitivity testing of the selected DNA isolation method, singleplex reactions were performed using eight informative PowerPlex16 markers: Penta E, D18S51, FGA, D13S317, D21S11, D8S1179, vWA and D7S820. The DNA input was 2 ml in a 10 ml PCR reaction. In addition, nine newly developed singleplex primer sets of the EuroChimerism Consortium were used: SE33, D11S554, D7S1517, D2S1360, D12S391, D17S1290, D8S1132, D12S1064, P-450CYP19 (Lion et al., manuscript submitted). The DNA input was 2 ml in a 25 ml PCR reaction. Each PCR was performed in duplicate and the injection time ranged from 1 to 15 s and the injection voltage from 1 to 6 kV. ABI310 or ABI3100 machines (Applied Biosystems, Foster City, CA, USA) were used.
Results and discussion
Quantification of DNA isolated from low cell numbers DNA was isolated from low cell numbers (1000, 3000, 10 000, 30 000) using four selected DNA isolation protocols. Protocols A and B were in-house methods, whereas protocols C and D were commercial column-based kits. After DNA isolation, the amount of DNA was determined using RQ-PCR analysis of the ALB gene. 19 The theoretical maximum yield of DNA was set at 6 pg/cell. The percentage recovery per cell number is presented in Figure 1a for the four DNA isolation methods. DNA isolation method B, that is, the direct lysis method using detergents and proteinase K gave the best recovery for all four cell numbers ranging from 53 to 69% (Figure 1a) . The other three methods showed recoveries between 9 and 31%.
Detection of PowerPlex16 loci
The DNA samples were subsequently used for STR analysis using the multiplex PowerPlex16 kit. The percentage of loci that could be detected and analyzed was used as read out. In total, 16 samples (256 loci) were analyzed. The highest percentages of detectable loci were reached with DNA samples isolated with method B (Figure 1b) . Independent of the cell number, the percentage of loci that could be detected in DNA isolated with method B was higher than 97%. The other three DNA isolation methods showed an increase in the percentage of detectable STR loci from 40% to a maximum of 80% with increasing cell number. In summary, DNA isolation protocol B gave the highest percentage of recovery and highest detectability of the PowerPlex16 loci. Standardization of DNA isolation from low cell numbers M van der Burg et al
Sensitivity testing of PowerPlex16 singleplex markers and EuroChimerism STR markers
For applicability of a DNA isolation method from low cell numbers for chimerism studies, it is important to know which sensitivities can be reached. For this purpose, dilution series were prepared with 20%, 10%, 3% and 1% recipient cells, respectively, in a donor background. DNA was isolated from small cell numbers (1000, 3000, 10 000 cells) of each dilution series using DNA isolation protocol B. When DNA was extracted from 1000 cells, a sensitivity of 20 and 10% could be reached in 90% and 75% of cases, respectively, with the PowerPlex16 singleplex markers, and in more than 92% of cases with the EuroChimerism STR markers (Figure 2) . If 3000 cells were used, these sensitivities could be reached in all cases using the EuroChimerism STR markers, and in 90% of cases with the PowerPlex16 markers. Higher sensitivities of 3 and 1% could be reached in 1000 cells in 71% and 42% of cases, respectively, with the PowerPlex16 markers, whereas these sensitivities could be reached in 50 and 41% of cases with the EuroChimerism STR markers. When 3000 or 10 000 cells were used for DNA isolation, these higher sensitivities could be increased to 85 and 95% for 3% recipient and 60 to 65% for 1% recipient.
Optimization of fragment analysis
For the detection of low levels of mixed chimerism (o3%), the recipient peak must exceed the threshold, which is fixed at 50 r.f.u. for most applications. This implies a donor peak of high intensity with minimum of 3000 r.f.u. If this criterion is not met, the conditions for fragment analysis need to be adapted, that is, by increasing injection voltage or injection time.
In this study, when the conditions were optimized, such that the donor peaks exceeded 3000 r.f.u., the sensitivities showed best performance. In all the samples, sensitivities of 20 and 10% could be reached (Figure 3) . Sensitivities of 1 and 3% could be reached in 60 to 91% of cases with the PowerPlex16 markers (Figure 3a) , and in 75 to 95% of cases with the EuroChimerism STR markers (Figure 3b) . The EuroChimerism STR markers showed a better performance for these lower sensitivities.
Considerations for chimerism studies on low cell numbers
It is important to realize that there is a theoretical limitation in detection of low percentages of recipient cells when small cell numbers are used. EU markers (D>3,000 rfu) Figure 3 Sensitivity testing of PowerPlex16 (PP16) singleplex markers (a) and Eurochimerism STR (EU) markers (b) on DNA isolated from low cell numbers using Protocol B (direct lysis with detergents and proteinase K) with optimized fragment analysis parameters such that the donor peaks exceeds 3000 r.f.u.
Standardization of DNA isolation from low cell numbers M van der Burg et al only one recipient cell is present in a PCR reaction if 1/10 of volume of the cell lysate is used. Consequently, it should be emphasized that it will be a stochastic process to detect this single cell by PCR.
Conclusion
In this study, we established a standardized protocol for DNA isolation from low cell numbers down to 1000 cells. The protocol concerns a direct lysis method using detergents and proteinase K. With this DNA isolation protocol, sensitivities could be reached from 1 to 20% of recipient cells in a donor background in 75 to 100% of cases in singleplex PCR reactions of EuroChimerism STR markers. This makes this direct lysis method for low cell numbers into a suited protocol for chimerism studies as well as for other studies working with DNA isolation from small cell numbers (for example, sorted cell populations).
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